Background: Major symptoms and death from systemic Bacillus anthracis infections are mediated by the action of the pathogen's lethal toxin on host macrophages. High levels of the toxin are cytolytic to macrophages, whereas low levels stimulate these cells to produce cytokines (interleukin-1(3 and tumor necrosis factor-a), which induce systemic shock and death. Materials and Methods: Experiments were performed to assess the possibility that the oxidative burst may be involved in one or both of lethal toxin's effects on macrophages. Toximediated cell lysis, superoxide anion and cytokine production were measured. Effects of antioxidants and macrophage mutations were ex-
INTRODUCTION
A key component of the host's ability to survive bacterial challenge is the innate capacity of phagocytes to ingest and destroy the invading gen and nitrogen intermediates (ROIs and RNIs, respectively). Some of these agents may be toxic to the phagocytes, which must therefore tightly regulate their production and/or restrict them to subcellular locales where their effects can be tolerated. The potential exists, therefore, for pathogens to divert these killing mechanisms toward phagocytes themselves.
Anthrax has historically been a useful model for studying infectious diseases and host-parasite relationships (1, 2) . In particular, Bacillus anthracis, the etiologic agent, has played an important role in elucidating M4--bacterium interactions. Metchnikoff (3) , using transparent tissues of living animals attached to his microscope stage, employed the anthrax bacillus to demonstrate that large blood cells left the circulatory system (diapedesis), migrated toward a site of infection, and ingested the invading pathogens. He named these cells macrophages. Modern studies have further linked B. anthracis and its virulence factors to the M+, and these interactions are now known to be intimately involved in the clinical manifestations of the disease.
Anthrax in humans, and most other animals, is initiated by introduction of B. anthracis spores into the body by penetration of the epidermis, the gut, or the respiratory epithelia (4) . After spore germination, the bacteria multiply and may spread to the regional lymph nodes and from there to the blood stream where they can reach >108/ml. Systemic anthrax is nearly always fatal, with nonspecific, shock-like symptoms. Of particular note is the suddenness of the fatal shock; in animals, the first overt symptom is often death itself (4) .
Virulence of B. anthracis depends upon three plasmid-encoded factors: an antiphagocytic poly-D-glutamic acid capsule and two protein toxins (5) . Edema toxin (EdTx) is believed to be responsible for the edema seen in the cutaneous form of anthrax and is composed of two noncovalently linked proteins, protective antigen (PA, 83 kD) and edema factor (EF, 88 kD). Lethal toxin (LeTx), the central effector of shock and death during systemic anthrax, is also comprised of two proteins, PA and lethal factor (LF, 89 kD). PA, the protein in common, serves to bind either EF or LF to cell surface receptors and mediate their transfer into the cytoplasm. There, EF functions as a Ca++-calmodulin-dependent adenylate cyclase (6) . The biochemical action of LF is unknown, but a recent report indicates that LF shares limited sequence homology to active site regions of a family of Zn+±-dependent proteases (7) .
Injection of LeTx mimics symptoms of systemic anthrax in test animals, and LeTx-deficient strains of B. anthracis are highly attenuated (8) (9) . Although most cell types bind and internalize the toxin, only M4s are killed (10) . At high toxin doses, these cells are lysed within [1] [2] hr in vitro. We found that mice depleted of M4s are resistant to LeTx, and these mice can be resensitized by injecting cultured M4s but not other types of cells (11) . At We recently described a cascade of biochemical and physiological changes in LeTx-challenged Mos, which culminates in cytolysis (12) .
That study implicated an early increase in plasma membrane permeability to Na+ and K+, causing misregulated cellular colloidosmotic equilibrium, influx of water into the cell, hydrolysis of ATP, and eventual Ca"+ influx (and serious Ca++-induced toxicities). These initial insults triggered downstream effects, including cessation of virtually all macromolecular synthesis, changes in cell morphology, and generalized membrane rupture. These events resemble, at least superficially, those reported for cells exposed to oxidants. We therefore hypothesized that damaging ROIs might play a role in the responses of Mos to the LeTx. The current study explores this possibility.
MATERIALS AND METHODS
Anthrax Toxin Preparation B. anthracis strain Sterne is nonencapsulated and was maintained as spore stocks. Cultures were grown in defined RM toxin-production medium (13) . Culture supernatants were sterilized by passage through a 0.22 Am filter (Millipore, Bedford, MA, U.S.A.) and concentrated to 1 For cytotoxicity experiments, cells were harvested by scraping with a rubber policeman, plated at a density of 5 X 105 cells/ml in 2 cm2 24-well dishes (Corning), and grown for 36-48 hr to approximately 80-90% confluence (1-2 X 106 cells/well). For superoxide anion production assays, cells were gently removed from dishes by incubation in sterile medium containing 1.5% lidocaine at 370C for 5 min. Cells were immediately pelleted and washed twice in lidocaine-free medium and suspended in medium in siliconized 50 ml plastic centrifuge tubes at a concentration of 1 X 107/ml at 370C with occasional swirling.
Human blood monocytes were purified from 50 ml of blood by dilution 1:1 with sterile phosphate-buffered saline (PBS) and maintained at 220C for 1 hr. 
Cytotoxicity Assays
For cell-rupture studies measuring the efflux of 51Cr from cells, nearly confluent monolayers of cells were prepared as described above and incubated overnight with the cytoplasmic marker Na25' CrO4 (1 gCi/ml, 1 Ci = 37 GBq; Dupont/ NEN, Boston, MA, U.S.A.) (1 1, 12) . Cultures were then washed twice and challenged at 370C with LeTx or controls in the presence or absence of the indicated antioxidants. After 4 hr of challenge, culture supernatant was gently removed and counted. The amount of radioactivity released from the cells was calculated with the formula: percent maximal release = 100 x (toxin-induced release -spontaneous release)/ (maximal release -spontaneous release).
Spontaneous release represents radiolabel released into the medium without toxin challenge. The maximal release of cytoplasmic label represents the total available cytoplasmic radioactivity at the end of radiolabeling (i.e., before challenge) and was determined after cell membrane rupture by the addition of 1 ml of 1 % Triton X-100 to each well. In these studies, max-imal release of Cr5' was approximately 12,000 cpm/well, and spontaneous release was approximately 900 cpm/well.
Measurement of Cytokine Production
Macrophage production of TNF-a and IL-I3, as a function of LeTx-challenge (6 hr incubation in the presence of the indicated antioxidants), were performed by ELISA (Genzyme, Boston, MA, U.S.A.) as specified by the manufacturer, and presented values represent the sum of extracellular plus intracellular cytokine pools (11) .
In Vivo Lethality Assays Six-month-old BALB/c mice (approximately 1:1, male:female) were lightly anesthetized and challenged with the indicated amounts of anthrax LeTx via tail vein injections as described previously (11) . Nearly simultaneous injection of the indicated antioxidant was performed at a seperate tail vein site.
Other Materials and Methods Unless otherwise indicated, all chemicals were purchased from Sigma Chemicals. Protein determinations were performed with Coomassie protein assay reagent (Pierce, Rockford, IL, U.S.A.) with bovine serum albumin as a standard.
RESULTS
Production of microbicidal ROIs during oxidative burst is initiated and regulated by the NADPH oxidase complex. The primary species of ROI, superoxide anion (02-), is generated by the single electron reduction of molecular oxygen. 02-can then be reduced further to form other reactive species, such as singlet oxygen (021) To assess the possibility that the high levels of ROIs induced by LeTx contribute to lysis, several types of potential protective agents were added to the challenge medium. Data in Fig. 2 indicate that exogenous cell-permeable antioxidants protect M4s from LeTx in a dose-dependent manner. These include reducing agents (BME, DTT), solvents that can trap free radicals (ethanol, DMSO), and vitamins (ascorbate and a-tocopherol). Oxidized DTT conferred no protective effect and served as a control. Mepacrine, an anticancer drug that inhibits phospholipases and also acts as an oxygen scavenger, was also protective. It is probably the latter property that gives mepacrine its protective capabilities, since we found that several other classes of phospholipase inhibitors were not protective (e.g., 7,7 -dimethyl -(5Z,8Z)-eicosadienoic acid; dimethyl-DL -2,3 -distearoly -oxypropyl -2' -hydroxyethyl -ammonium acetate; 0-tricyclo [5.2.1.0(2.6)]DEC -9-YL -dithiocarbonate; antiinflammatory peptide 2; hexadecylphosphocholine; data not shown).
Two control experiments suggest that these agents exert their protective effects at a step subsequent to toxin internalization. (1) Antioxidant concentrations that gave 75-90% protection from LeTx had virtually no effect on EdTx action (Table 1) . Since LeTx and EdTx are believed to enter cells by the same pathway (18) , this implies that the entry process is unaffected. (2) The protective effects of BME, DTT, and EtOH were rapidly reversed (within 30 min) after removing the inhibitor from the medium (data not shown). Removal of dimethylsulfoxide (DMSO), mepacrine, and vitamins C and E did not restore cy- compared after exposure to LeTx or controls. RAW 264.7 cells were grown and prepared as described. Superoxide anion production was determined by monitoring changes in Absorbance,50 due to cytochrome c reduction. Cells to be monitored for cytotoxicity were loaded with Na25' CrO4 for 16 hr, and washed twice before challenge. 51Cr release was normalized for spontaneous leakage (<1,000 cpm/106 cells) and plotted as the percentage of total radioactivity in the cells (approximately 12,000 cpm/ 106 cells). Challenge concentrations were: PA = 0.1 ,tgl ml, LF = 0.1 ,g/ml, PMA = 10 ng/ml. Experiments measuring 02 production and cytotoxicity were run in parallel (triplicate samples); with three experimental series run for both 51Cr and 02 production. SEM values were <13% of the indicated value (02 measurement) and <5% of the indicated value (5"Cr assay) (n = 3). Higher doses of PMA (highest dose = 0.1 j,g/ml) did not significantly increase 02 production and did not induce cytotoxicity (data not shown). bLeTx-induced cytotoxicity was measured by release of 5"Cr from prelabeled cells (see Fig. 1 legend) . NAC and met were preincubated with cells for 16 hr before toxin challenge (see Fig. 3 ).
totoxicity, presumably because they are retained within cells.
All cells, including M4s, contain mM concentrations of glutathione (GSH, y-glu-cys-gly), which serves (among other purposes) to counteract oxidants (19). The thiol group on the Cys residue of GSH acts as an endogenous scavenger, and in the process, GSH is oxidized to a GS-SG dimer (or a GS-S-protein adduct). GS-SG is then reduced to regenerate GSH or exported from the cell via an ATP-driven pump. When oxidants overload GSH's capacity for reductive detoxification, cell damage occurs. It is possible to increase GSH concentrations several-fold by supplementing cells with certain metabolic precursors, Nacetyl-L-cysteine, or methionine. We therefore tested Mts for LeTx sensitivity after preincubation with these precursors or with the other normal amino acids as controls. As shown in Fig. 3 , both NAC and Met provided strong protective effects against LeTx (Fig. 3a) aSuperoxide anion production was determined by cytochrome c reduction assay after addition of 10 ng/ml PMA, as described in bCytotoxicity was assayed by 51Cr-release, as described in Fig. 1 (22) .
The link between ROIs and LeTx cytotoxicity was further investigated in cultured primary human M4's. Blood monocyte cultures from an adult patient with a rare autosomal recessive form of chronic granulomatous disease was tested (23) . The patient has a missense mutation and a heterozygous deletion at 16p24 that encompasses the p22 phox gene encoding the RAW 264.7 cultures were prepared as described in Materials and Methods and challenged with sublytic amount of LeTx known to induce a large cytokine response (PA = 0.1 ,ug/ml, LF = 10-6 ,ug/ml) in the presence of various antioxidants: DTT and BME (10 mM), ethanol and DMSO (10%, v/v), vitamins C and E and mepacrine (100 mM). N-acetyl-L-cysteine (50 mM) was preincubated with MO cells for 16 hr prior to LeTx challenge to allow for incorporation into glutathione. After 6 hr in toxin-containing media, cells were lysed with 0.1% Triton X-100 and total (cellular plus extracellular) TNFa (a) and IL-1,B (b) concentrations were determined by ELISA. Experiments were run in duplicate with two experimental series. SEM values for each point were <18% of the indicated value.
while control human monocytes were susceptible ( Table 2 (22), is entirely insensitive to the effects of LeTx. Although these findings make it unlikely that NO is directly responsible for cell killing, possible regulatory roles for low-level RNI expression have not been ruled out.
In an earlier study (1 1) we showed: (1) that macrophages are required for the lethal action of LeTx in mice; (2) that sublytic doses of LeTx (orders of magnitude lower than those required for cell lysis) induce production of large amounts of TNFa and IL-1 3 in vitro; and (3) that passive immunity to these cytokines enabled mice to survive LeTx challenge. We concluded that the M4-cytokine response is central to the lethal shock symptoms of anthrax. It is therefore important to discover if ROIs play a role in regulation of M4 cytokine expression and to determine whether or not scavengers of free radical oxygen protect animals from LeTx. The effect of various oxygen scavengers on toxin-induced cytokine production by cultured M4s is shown in Fig. 4 . The results indicate that DTT, BME, EtOH, DMSO, and NAC significantly reduce the amount of TNFa and IL-1(, generated in response to low-dose LeTx treatment while vitamins C and E appear to have little, if any, effect.
Those antioxidants that are relatively nontoxic to animals were also tested in vivo. Sixmonth-old BALB/c mice were injected with N-acetyl-L-cysteine, mepacrine or vitamin C simultaneously to LeTx challenge. Although none of these compounds fully protected mice from high toxin doses, a significant reduction in mortality, both in terms of increased survival and increased time to death, was observed in mice receiving N-acetyl-L-cysteine or mepacrine at intermediate and low toxin doses (Table 3) . No protection was observed with ascorbate. These data (Fig. 4, Table 3 ) suggest that certain antioxidants may neutralize the regulatory effects of ROIs, thus lowering cytokine production by host MO's and reducing the fatal pathologies associated with anthrax lethal toxin in the victim. Why all antioxidants were not equally protective is unclear but may involve differences in metabolic breakdown rates. (Fig. la) (Figs. 2 and 3) , adding further support for the role of oxidants in cytolysis. Interestingly, since PMA alone did not induce cell death (Fig. lb) , it is possible that the greater ROI burden imposed by LeTx overloads the macrophage's innate capacity to protect itself from its own metabolites. It is also possible that LeTx misdirects ROI release to a cellular compartment that lacks endogenous antioxidants. Thus, if these oxidizing agents can be counteracted by experimental or therapeutic means before irreversible damage occurs, the cell survives. Finally, the finding that M4s completely deficient in the ability to generate ROIs (both the murine line IC-2 1 and primary human monocytes from a patient with CGD; Table 2 ) are completely resistant to LeTx strongly implicates a central role for the NADPH oxidase complex and oxygen-related toxicities. It is somewhat surprising that the other major ROI-producing cell, the neutrophil, was found in earlier studies not to be lysed by the LeTx (25) (26) . It is possible that this cell's toxin resistance may be due to a block at an earlier step in the intoxication process. Alternatively, PMNs readily degranulate in response to many signals and it may be that LeTx directs secretion of ROIs in PMNs.
A more challenging question is whether toxin-induced ROI production plays an extended role in anthrax pathogenesis beyond bursting of the macrophage. It is now well established in other systems that sublytic concentrations of oxidants (e.g., H202) can modify gene expression patterns of immune cells (27) . This gives rise to the hypothesis that ROIs act as second messengers in signal transduction pathways responsible for expression of host defense-oriented genes. For instance, NF-KB is an inducible mediator of immune cell gene control (27, 28 (28) . Antioxidants have been shown to inhibit this activation and to inhibit expression of genes under NF-KB control (27) . Although the precise mechanism of oxidant-mediated NF-KB dissociation from lKB is unclear, it seems to be through action upon IKB. (11) . As the concentrations of toxin rise in the host, from bacterial counts approaching 109/ml blood, lytic thresholds of LeTx (and therefore of ROIs) are reached, which may cause M4s lysis. Newly formed inflammatory mediators may then be released suddenly into the circulation. This model could account for the dramatic "sudden-death" noted during anthrax infection.
In summary, the subversion of the phagocytic respiratory burst by LeTx represents a new class of virulence strategies for bacterial pathogens. For the bacillus, it seems a reasonable tactic to produce a toxin that incapacitates the major obstacle to proliferation. Additionally, as a pathogen in which no live animal-to-live animal transmission has been reported, killing of the host might help ensure evolutionary success. For the anthrax victim, the macrophage represents a paradox. First, at the cellular level, M4s play a key role in both clearance of the invading bacillus as well as for generation of lethal, shockinducing cytokines. Second, at the metabolic level, oxidants account for the killing of most bacteria and for coordinating an aspect of host defense by acting as second messengers. But exaggerated production of unscavenged ROIs damages the integrity of the MO with resultant release of inflammatory mediators into the tissues and blood stream. Although antioxidants, due to their ability to neutralize many LeTx actions, seem to hold potential as anthrax therapies, they may in fact compromise the phagocyte's overall abilities to kill bacteria via ROIs and therefore may be counter-productive in ameliorating the infection. Further knowledge is required to determine the best course of antibiotic, antitoxin, anticytokine, and antioxidant therapies needed to care for those people with anthrax.
